Thirty-four cefotaxime-resistant Salmonella enterica serovar Typhimurium isolates representative of the isolates that caused outbreaks of gastroenteritis in 10 hospitals in seven regions of Russia and Belarus from 1994 to 2003 were analyzed. All isolates produced the CTX-M-5-like extended-spectrum ␤-lactamase, which confers high-level resistance to cefotaxime and ceftriaxone and decreased susceptibility to ceftazidime. The bla CTX-M genes were located on small (7.4-to 12-kb) non-self-transferable plasmids approximately 20 bp downstream of the ISEcp1 insertion sequences. Some isolates carried additional conjugative plasmids mediating resistance to penicillin-inhibitor combinations and various non-␤-lactam agents, including tetracycline, chloramphenicol, gentamicin, tobramycin, and co-trimoxazole. Despite the minor differences in susceptibility patterns, all isolates were considered clonally related on the basis of arbitrarily primed PCR and pulsed-field gel electrophoresis analysis. The similarities of the restriction profiles of the CTX-M-coding plasmids further supported the clonal origin of these isolates.
Multiple-drug resistance in salmonellae has emerged as an important problem in many countries of the world (1, 4, 11, 19, 22, 30, 32, 38, 53, 57) . The development of resistance to expanded-spectrum cephalosporins is especially alarming because these drugs have been successfully used for the empirical treatment of severe salmonellosis over a relatively long time. Nevertheless, sporadic infections or nosocomial outbreaks caused by oxyimino-cephalosporin-resistant salmonellae have been reported increasingly more often over the last decade (10, 14, 15, 23, 33, 37, 56) . This resistance is frequently attributed to the production of various plasmid-mediated extended-spectrum ␤-lactamases (ESBLs), including the TEM, SHV, PER, and CTX-M enzymes (2, 6, 8, 17, 18, 20, 25, 34, 35, 39, 41, (49) (50) (51) (52) 55) . The latter group of enzymes is one of the most commonly encountered ESBL types in Salmonella spp. The CTX-M-2 ␤-lactamase, initially identified in Salmonella enterica serotype Typhimurium in Buenos Aires, Argentina, in 1990 (7), has broadly disseminated among different serovars of Salmonella in Argentinean hospitals (38) . Isolates of Salmonella serovar Typhimurium producing ESBLs closely related to CTX-M-2 have also been reported in eastern and southern European countries, such as Latvia (9) , Greece (47) , Russia (16) , and Hungary (45) . The last report described the spread of a single Salmonella serovar Typhimurium clone resistant to extended-spectrum cephalosporins in three European countries.
In Russia and Belarus the incidence of nosocomial infections caused by multiresistant salmonellae rose dramatically in the middle to late 1990s. The most noteworthy were the outbreaks of Salmonella serovar Typhimurium resistant to cefotaxime that occurred in some Russian hospitals in Moscow, St. Petersburg, and the Smolensk region and in many Belarussian hospitals in the Minsk, Gomel, Grodno, and Vitebsk regions from 1994 through the beginning of 2003 (3, 13) . Most patients affected by these outbreaks were children younger than 1 year of age, although in one of the Moscow hospitals a large epidemic affected more than 600 adults, and in the St. Petersburg Psychiatric Institute, a resistant Salmonella serovar Typhimurium clone disseminated among elderly patients. The severity of diseases varied from mild forms of gastroenteritis to life-threatening bacteremia with high body temperatures. Some of the cases were complicated by other extraintestinal infections. In addition, asymptomatic carriage was observed among hospital personnel (3) .
The resistance phenotype exhibited by representative Salmonella serovar Typhimurium isolates from multiple nosocomial outbreaks in Russia and Belarus prompted us to investigate the potential relationship between these isolates and the molecular mechanisms of their resistance to ␤-lactam antibiotics.
(The results of this work were presented in part at the 41st Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, Ill., 16 to 19 December 2001.)
MATERIALS AND METHODS
Bacterial isolates. Thirty-four cefotaxime-resistant isolates (one per patient) of Salmonella serovar Typhimurium were included in this study. They were representative isolates from the outbreaks of gastroenteritis that occurred in 10 hospitals in seven regions of Russia and Belarus from 1994 to 2003 (Table 1 ; Fig.  1 ). Twenty-six strains were isolated from hospitalized children from 1 month to 14 years of age, one strain (JAR-81) was recovered from a 30-year-old woman who had apparently been infected from her child in a hospital, six strains (MOS-20 and SP-829 through SP-893) were obtained from patients older than 50 years, and one strain (JAR-137) was cultured from an environmental source (a water container used to wash hospital clothes) that was potentially implicated in the transmission of a nosocomial infection. In addition, the previously described Argentinean strain, strain CAS-5, with a resistance phenotype similar to those of the study isolates (7), and three unrelated susceptible isolates of Salmonella serovar Typhimurium were used to compare the genomic fingerprints. Isolates were identified biochemically with the API 20E system (bioMérieux, Marcy l'Etoile, France) and serotyped with respect to their cell wall (O) and flagellar (H) antigens. Salmonella serovar Typhimurium strain ATCC 14028 was used for quality control for identification and serotyping.
Susceptibility testing and phenotypic ESBL detection. The MICs of ampicillin, amoxicillin-clavulanic acid (2:1), piperacillin, piperacillin-tazobactam (with tazobactam at a fixed concentration of 4 g/ml), cefotaxime, ceftriaxone, ceftazidime, ceftazidime-clavulanic acid (4:1), aztreonam, and cefoxitin were determined by Etests (AB Biodisk, Solna, Sweden) on Mueller-Hinton agar (Becton Dickinson, Sparks, Md.). Susceptibilities to non-␤-lactam agents (tetracycline, chloramphenicol, gentamicin, tobramycin, trimethoprim-sulfamethoxazole, and ciprofloxacin) were determined by the disk diffusion method with commercial disks (Becton Dickinson). The results of susceptibility testing were interpreted according to the NCCLS standards (36) . Escherichia coli strains ATCC 25922 and ATCC 35218 were used for quality control.
ESBL production was detected by the double-disk synergy test. Disks with cefotaxime (30 g) and ceftazidime (30 g) were each placed 20 and 30 mm (center to center) from a disk with amoxicillin-clavulanic acid (20/10 g). Salmonella serovar Typhimurium strains producing the known enzymes CTX-M-2 and CTX-M-4 were used for quality control for ESBL detection.
Molecular typing. Arbitrarily primed PCR (AP-PCR) with primers ERIC1R and ERIC2 (54) and PCR with a random primer, primer OPB-17 (26, 42) , were used to type all the Salmonella isolates. In addition, the genetic relatedness of 15 isolates was assessed by the pulsed-field gel electrophoresis (PFGE) approach.
PCR typing was performed with template DNA extracted by use of the InstaGene matrix (Bio-Rad, Hercules, Calif.) from three to four colonies of each strain grown overnight on MacConkey agar. Reactions were set up in the ReadyTo-Go PCR Beads format (Amersham Biosciences, Piscataway, N.J.) and contained 50 pmol of each primer and 2 l (approximately 10 ng) of template DNA. The amplification was carried out in a PTC-200 thermocycler (MJ Research, Waltham, Mass.) under the following conditions: initial denaturation at 94°C for 2 min and 30 s, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 47°C (in the case of the ERIC primers) or 35°C (in the case of primer OPB-17) for 1 min, and elongation at 72°C for 1 min, with the final elongation step extended to 4 min. PCR products were analyzed by agarose gel electrophoresis and ethidium bromide staining.
PFGE analysis was performed with a CHEF DRIII apparatus (Bio-Rad) as described by Struelens et al. (43) . The genomic DNA of the isolates was digested with the XbaI restriction enzyme (MBI Fermentas, Vilinius, Lithuania). The results were interpreted in accordance with the criteria of Tenover et al. (46) .
Isoelectric focusing (IEF) of ␤-lactamases. Supernatants of bacterial sonicates (7) containing ␤-lactamases were examined with a PhastSystem apparatus and preformed polyacrylamide gels over the pH ranges 5 to 8 and 3 to 9 (Amersham Biosciences). ␤-Lactamase bands were visualized with nitrocefin (Oxoid, Basingstoke, United Kingdom). The enzymes with known pIs (TEM-1, pI 5.4; TEM-2, pI 5.6; TEM-3, pI 6.3; SHV-1, pI 7.6; and SHV-5, pI 8.2) were used as standards.
Detection and characterization of ␤-lactamase-encoding genes. Detection of bla TEM genes was performed by PCR, as described earlier (29) .
The bla CTX-M genes were detected with primers CTX-M/FЈ (5Ј-TTTGCGAT A PCR with primers OXA-1/F (5Ј-ATGAAAAACACAATACATATCAAC-3Ј) and OXA-1/R (5Ј-TTTCCTGTAAGTGCGGACAC-3Ј) was used to detect a 755-bp internal fragment of bla OXA-1 -related genes. The composition of the PCR mixtures and the amplification conditions were the same as those described above for the bla CTX-M genes, with the exception that the magnesium concentration was 1.5 mM and the denaturation and annealing temperatures were 94 and 48°C, respectively. (5) (GenBank accession number AY079169) was studied by PCRs with an internal ISEcp1-specific forward primer (5Ј-TGTCTGGTATAATAAG AATATCATC-3Ј) or an internal integron-specific forward primer (5Ј-ATCCA TCACAGAGTCGTCTC-3Ј) and CTX-M-specific reverse consensus primer MA3 (40) . The ISEcp1 and integron primers were designed to match the 3Ј-end sequences of the ISEcp1 tnpA gene and orf513, respectively. These primers were used in PCRs under the same conditions described above for amplification of the bla CTX-M fragments, but with a magnesium concentration of 1.5 mM and denaturation and annealing temperatures of 94 and 43°C, respectively.
Transfer of resistance and analysis of plasmids carrying the bla CTX-M genes. All the cefotaxime-resistant Salmonella isolates were mated in broth with E. coli AB1456 (F Ϫ Rif r ). Transconjugants were selected on two types of agar plates: one containing rifampin (100 g/ml) plus cefotaxime (10 g/ml) and the other one containing rifampin (100 g/ml) plus ampicillin (100 g/ml).
In addition, plasmids purified from 18 isolates with a Wizard Plus SV Minipreps kit (Promega) were used to transform E. coli TOP10 (Invitrogen Corp., Carlsbad, Calif.) competent cells. Transformants were selected on agar containing cefotaxime (10 g/ml). Native plasmids isolated from the transformants and restriction fragments obtained after digestion of these plasmids with the PstI and PvuII endonucleases (Promega) were analyzed by agarose gel electrophoresis.
RESULTS AND DISCUSSION
Susceptibility. The resistance phenotypes of nosocomial Salmonella isolates are shown in Table 2 . The most distinctive feature of these isolates was their high levels of resistance to cefotaxime, ceftriaxone, and aztreonam (MICs, Ն256, Ն256, and 64 g/ml, respectively). Most of the isolates remained susceptible to ceftazidime at the breakpoints advocated by NCCLS (16 to 32 g/ml), although the MICs of this drug for the strains were markedly elevated (3 to 24 g/ml) compared to those for the naturally susceptible strains (0.06 to 0.25 g/ ml). A synergy between the oxyimino-␤-lactams and clavulanic acid indicated the production of ESBLs. The higher levels of resistance to cefotaxime and ceftriaxone than to ceftazidime corresponded well to the resistance phenotype conferred by the CTX-M-type ESBLs in Salmonella strains described previously (7, 9, 16, 38, 45) . Apparently, the resistance was not related to impermeability or the production of class C ␤-lac- tamases, since all the isolates retained susceptibility to cefoxitin (31) . Of the 34 isolates studied, 27 (79%) demonstrated high-level resistance to all penicillin-inhibitor combinations, whereas the remaining 7 isolates were susceptible to piperacillin-tazobactam. The profiles of resistance to non-␤-lactams differed among the isolates. Nineteen of these isolates were simultaneously resistant to tetracycline, chloramphenicol, gentamicin, tobramycin, and co-trimoxazole; six were simultaneously resistant to tetracycline, chloramphenicol, gentamicin, and tobramycin; two were simultaneously resistant to tetracycline, chloramphenicol, and co-trimoxazole; one was simultaneously resistant to aminoglycosides only; and the remaining two isolates were susceptible to all drugs mentioned above. None of the isolates were resistant to ciprofloxacin.
␤-Lactamase characterization. IEF revealed the production of ␤-lactamases with pIs Ն8.4 in all the isolates, which indicated further that enzymes of the CTX-M family could be responsible for their ESBL phenotypes. The presence of CTX-M-encoding genes was confirmed by PCR with bla CTX-M genespecific consensus primers. By restriction analysis, all PCR products showed the same PstI banding pattern, which is characteristic of bla CTX-M-2 and closely related genes (Fig. 2) . Direct sequencing of the PCR products was carried out for five isolates: VTB-1358, VTB-6570, USH-1845, VTB-14533, and MOS-20. The amplified regions of their bla CTX-M genes were identical to those of the previously described bla CTX-M-5 gene found in a Latvian Salmonella serovar Typhimurium strain (9) . The sequence of the bla CTX-M gene from St. Petersburg strain SP-893 (R-893), included in this study, was previously determined by Tassios and colleagues (45) . The amino acid sequence of the CTX-M-4 ␤-lactamase encoded by this gene is 96.5% homologous to that of CTX-M-5. Thus, at least two related CTX-M variants conferring similar resistance phenotypes were present among the epidemic nosocomial Salmonella serovar Typhimurium strains isolated in Russia and Belarus from 1994 to 2003.
In addition to the CTX-M enzyme, 27 isolates from different hospitals produced a second ␤-lactamase that focused at pH 7.5 in IEF experiments. All these isolates were resistant to piperacillin-tazobactam, whereas the isolates lacking a pI 7.5 ␤-lactamase were fully susceptible to this drug. The presence of these secondary ␤-lactamases and resistance to penicillininhibitor combinations correlated well with the positive results of PCR with bla OXA-1 -specific primers (Table 2) . Plasmidmediated penicillinases of the OXA-1 group are weakly inhibited by clavulanic acid and tazobactam (28) and are frequently found in salmonellae (24, 27, 48) . Therefore, the production of OXA-1-like ␤-lactamases was most likely responsible for the additional resistance to penicillin-inhibitor combinations displayed by some of the Salmonella isolates studied.
Two isolates from St. Petersburg expressed a third ␤-lactamase with a pI of 5.4 and gave positive results by PCR with bla TEM -specific primers. Production of this enzyme (most likely TEM-1) was masked phenotypically by the CTX-M-and OXA-type ␤-lactamases, which a broader range of resistance to ␤-lactam antibiotics.
Transfer of resistance. Two different types of transconjugants were obtained by mating isolates resistant to cefotaxime and piperacillin-tazobactam. Transconjugants of the first group were selected at high frequencies (10 Ϫ3 to 10 Ϫ4 ) on plates containing rifampin and ampicillin. All these transconjugants produced only ␤-lactamases of the OXA-1 type (pI 7.5) and exhibited similar levels of resistance to penicillins and penicillin-inhibitor combinations, with no more than 1-dilution difference in the MICs for the isolates. They were also resistant to chloramphenicol and tetracycline but differed in their resistance to aminoglycosides and co-trimoxazole ( Table 2) .
Transconjugants of the second group were obtained on plates containing rifampin and cefotaxime. Despite multiple attempts, only two isolates (VTB-1358 and VTB-6570) transferred resistance to cefotaxime in the conjugation experiments. In both cases the frequency of transfer was extremely low (ϳ10 Ϫ7 to 10 Ϫ8 ), suggesting that the plasmids conferring resistance to cefotaxime were probably non-self-transmissible but were mobilized by coexisting conjugative plasmids. The respective transconjugants produced only CTX-M-type ␤-lactamases (pI, ϳ8.4) conferring the ESBL phenotype but lacked resistance to piperacillin-tazobactam and non-␤-lactam antimicrobials.
Likewise, all cefotaxime-resistant transformants carrying the wild-type plasmids of 18 arbitrarily selected Salmonella isolates produced the CTX-M-but not the OXA-type ␤-lactamase and appeared to be susceptible to piperacillin-tazobactam, chloramphenicol, tetracycline, aminoglycosides, and co-trimoxazole. Notably, a clone obtained after transformation with plasmid DNA of strain SP-891 produced TEM-1, in addition to the CTX-M ␤-lactamase. The data presented above suggested that the bla CTX-M gene-carrying plasmids of all but one of the Salmonella isolates contained no additional resistance determinants.
Analysis of plasmids carrying the bla CTX-M genes and associated mobile elements. A single low-molecular-weight plasmid was detected in each of the CTX-M-␤-lactamase-producing transformants. Therefore, genes encoding the CTX-M ␤-lactamases resided on small plasmids (7.4 to 12 kb). However, when the plasmids of different Salmonella isolates were digested with the PstI or PvuII restriction endonuclease, the patterns obtained were very similar (Fig. 3) . CTX-M-encoding plasmids from 12 isolates from four Belarussian and three Russian hospitals shared the same restriction profile (profile A1). The plasmids from the other five isolates (profiles A2 and It is worth mentioning that the bla CTX-M-5 -carrying plasmid found in the epidemic Salmonella serovar Typhimurium strain from Latvia was also small (10 kb) and non-self-transferable (9) . In contrast, plasmid pMVP-4 of Argentinean Salmonella strain CAS-5 carrying the bla CTX-M-2 gene, which is most closely related to bla CTX-M-5 , was large (142 kb) and selftransferable (7) . Moreover, the CTX-M-2-encoding plasmids of the Salmonella isolates from Argentina were reported to contain a modified sul1-type integron that includes orf513 upstream of the bla CTX-M-2 gene (12, 38) , whereas the bla CTX-M-5 gene found on the plasmid of the Latvian strain was shown to be associated with another mobile element, ISEcp1 (21) .
In order to characterize the genetic environment of the bla CTX-M genes in Salmonella serovar Typhimurium isolates from Russia and Belarus, we performed PCRs with forward primers specific for the ISEcp1 element or orf513 and the reverse bla CTX-M -specific primer. All the isolates studied produced a single amplicon of approximately 470 bp upon amplification with the ISEcp1-related primer. The size of this fragment perfectly matched the distance between the primer binding sites identified in the sequence of the CTX-M-5-encoding plasmid of the Latvian strain (GenBank accession number AF286192). The fact that ISEcp1 was detected at the same distance upstream from the bla CTX-M gene in the isolates from Russia, Belarus, and Latvia provided further evidence of the similarities of their plasmids. PCR with the orf513-related primer yielded a product only in the case of Argentinean strain CAS-5, which, on the other hand, gave no product in the experiment with the ISEcp1-specific primer. Consequently, our data confirmed that the bla CTX-M genes identified in the eastern European and South American strains of Salmonella serovar Typhimurium were located in different genetic structures.
Molecular typing. AP-PCR with primers highly discriminative for Salmonella serovar Typhimurium (26, 42) and PFGE analysis of XbaI macrorestriction fragments (44, 45) were used to verify whether the strains isolated in different hospitals across western Russia and Belarus were related at the chromosomal level. Argentinean strain CAS-5 and three susceptible epidemiologically unrelated isolates of Salmonella serovar Typhimurium were included in the analysis for comparative purposes.
All the cefotaxime-resistant isolates from Russia and Belarus exhibited identical AP-PCR patterns; hence, only the AP-PCR patterns of five representative strains are shown in Fig. 4 , along with the clearly distinguishable fingerprints of CTX-M-2-producing strain CAS-5 from Argentina and susceptible isolates from Russia and Belarus.
PFGE analysis further confirmed the genetic relationships among Salmonella isolates from multiple outbreaks (Fig. 5) . The macrorestriction patterns (pattern A1) of the seven isolates from Vitebsk, Moscow, and St. Petersburg were indistinguishable from each other; and those (patterns A2 to A7) of the other seven isolates tested differed by three bands at most, identifying them as closely related, according to the criteria suggested by Tenover et al. (46) . The four-band difference observed between the patterns of strain CAS-5 (pattern B1) and the patterns of some of the eastern European isolates were more difficult to interpret, considering the extreme distance between their geographic sources. However, on the basis of the results of AP-PCR typing and plasmid analysis, the Argentinean strain should be considered unrelated to the outbreak isolates described here. Epidemiologies of the CTX-M-producing Salmonella isolates from Russia and Belarus. The genetic similarity among cefotaxime-resistant Salmonella isolates from nosocomial outbreaks that occurred in Russia and Belarus suggested the possible transmission of a single clone between different hospitals. Unfortunately, the epidemiological data that could be used to establish the relationship between the early outbreaks in Minsk, Grodno, Gomel, and St. Petersburg were lacking. However, the data concerning the more recent cases clearly support the possibility of clonal transmission mediated by the transfer of patients from one hospital to another. For example, nosocomial infections due to cefotaxime-resistant Salmonella serovar Typhimurium were registered in hospitals H5, H6, and H7, located in Vitebsk and smaller settlements within the region, soon after the transfer of children patients from hospital H4, where the outbreak was ongoing at the time.
In one case documented by Akimkin and Pokrovsky (3), a resistant strain was apparently transferred from one hospital to another by a 65-year-old man who visited and nursed his grandson, who presented with symptoms of an acute gastrointestinal infection that developed in a children's clinic. Shortly after visiting the child, the man was admitted to hospital H10 due to suspected appendicitis, but after examination he was found to be infected with cefotaxime-resistant Salmonella serovar Typhimurium. New cases of infection with the same strain were reported as soon as 1 week after he had been admitted. The subsequent epidemic in that hospital affected 584 patients and 54 health care workers from 1994 through 1998.
It is noteworthy that, unlike many outbreaks due to multiresistant S. enterica strains of animal origin, most of the cases described here were obviously associated with the person-toperson transfer of a resistant clone in a hospital environment. Several reports have pointed out the long-term postinfection carriage by children and asymptomatic carriage by adults (including patients and health care workers) as an important factor facilitating the transmission of this clone (3, 13) .
On the basis of the analysis of PFGE patterns and plasmid and ␤-lactamase contents, Tassios et al. (45) have established that a clonal relationship exists between the outbreak isolates of Salmonella serovar Typhimurium from St. Petersburg that were also included in our study and strains isolated from sporadic cases of gastroenteritis in Hungary and Greece. In one of those cases the epidemiological data indicated transfer of the cefotaxime-resistant strain by an immigrant from southern Russia (47 , 2000) have reported the first isolation in the United States of a CTX-M-5-producing Salmonella serovar Typhimurium strain from an infant adopted from southern Russia. The bla CTX-M-5 -carrying plasmid found in the respective isolate was small (approximately 9 kb), similar to those carried by epidemic strains from Latvia (9), Russia, and Belarus. The Russian strains reported here were isolated in hospitals in the west-central (Moscow) and western (Smolensk and St. Petersburg) parts of the country, on the border with Belarus and Latvia, but until now it was impossible to obtain information on the presence of cefotaxime-resistant Salmonella serovar Typhimurium isolates in the southern parts of Russia. After evaluation of the epidemiological and molecular analysis data, however, it seems likely that the isolates found in Greece and the United States belong to the same clone which may have spread widely in Russia.
Conclusions. The results of our study suggest that the multiple nosocomial outbreaks which occurred in the three regions Its resistance to expanded-spectrum cephalosporins was attributed to the production of CTX-M-4-and CTX-M-5-like ␤-lactamases. Some isolates of this clone were also resistant to penicillin-inhibitor combinations and various non-␤-lactam agents due to the presence of additional conjugative plasmids carrying the genes for OXA-1-type penicillinase and other resistance determinants. The present situation with the international spread of Salmonella strains resistant to most of the clinically important ␤-lactams is of particular concern. It urges the need for consistent epidemiological monitoring and effective prevention of infections due to such strains by stringent hospital hygiene and control of personnel for intestinal colonization.
